A new method to determine left ventricular (LV) ejection fraction (EF) with wide-angle, twodimensional echocardiography (2-D echo) has been developed using the parasternal long-axis, apical fourchamber and apical long-axis views. End-diastolic and end-systolic measurements of LV short axes at the base and mid-LV cavity in the parasternal long-axis view and at the upper, middle and lower thirds of the cavity in the apical views are made, from which an averaged minor axis at end-diastole and at end-systole is calculated. Fractional shortening of the LV long axis (AL) is estimated from apical contraction. Satisfactory 2-D echoes were obtained in 55 of 58 nonselected patients (all three views in 32 patients, two views in 22 and one view in one); 42 of 55 patients had coronary artery disease. EF by 2-D echo was compared with EF by gated cardiac blood pool imaging in all patients (r = 0.927, SEE = 6.7%) and to EF by single-plane cineangiography (angio) in 35 of 55 patients (r = 0.913, SEE = 7.4%). LV dyssynergy was frequently present and involved the apex in 29 of 55 patients. Using angio as the standard for evaluating wall motion at the apex, 2-D echo was 100% sensitive and specific in detecting abnormal apical wall motion. We condude that EF can be determined accurately with 2-D echo in a large group of patients with and without dyssynergy by a simple method that eliminates the need for planimetry or computer assistance.
DETERMINATIONS of left ventricular (LV) ejection fraction (EF) by two-dimensional echocardiography (2-D echo) have required measurements of end-diastolic and end-systolic volumes by tracing the appropriate images and applying either the arealength method' or modifications of Simpson's rule.2B These methods have yielded variable results compared with angiography or radionuclide techniques.'-' We have developed a method for determining EF with 2-D echo by measuring several LV internal dimensions and modifying the area-length method. All measurements were obtained directly from the video playback with a pair of calipers. The calculations are easily made without computer assistance. Methods Fifty-eight patients (40 males and 18 females, mean age 47 years, range 19-75 years) in regular sinus rhythm were studied prospectively. All patients underwent 2-D and gated cardiac blood pool imaging within 24 hours of each other. Three patients had technically unsatisfactory 2-D echoes and were excluded from further analysis. The radionuclide studies were adequate for quantification of EF in all patients. Diagnostic cardiac catheterization with single-plane, LV angiography was performed in 35 of 55 patients within 24 hours of the noninvasive procedures. The echocardiographic, radionuclide and angiographic studies were analyzed by independent observers.
Among the 55 patients, 42 had coronary artery disease, three had chronic aortic insufficiency, two had primary myocardial disease, two had mitral valve prolapse, one patient had calcific aortic stenosis, one had rheumatic mitral stenosis, and one had ascending aortic aneurysm; three patients had normal cardiac evaluations.
Echocardiographic Measurement of EF Wide-angle 2-D echoes were obtained in each patient using a commercially available mechanical sector scan (Advanced Technology Laboratories Mark V). The scan head consists of three rotating 3-MHz piezoelectric crystals that are sequentially pulsed as they pass through a 900 sector. The frame rate of the system varies from 45.5 frames/sec at a scan depth of 5 cm to 18.5 frames/sec at a depth of 21 cm. The images are converted to digital format by a digital scan converter and presented in video format to the observer, allowing greater resolution and an enhanced gray scale. All studies were video-taped on a ¾h-inch Umatic video-cassette recorder (Panasonic VD-2600) interfaced to a back spacer search module (Dynasciences EJ-104 model 1), which allows frameby-frame bidirectional playback. The video frame rate of the system is approximately 60 frames/sec.
All patients were studied in the left lateral recum-744 EF BY 2-D ECHO/Quinones et al.
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End -Systole bent position, using multiple views through the left parasternal and apical windows. Three views were selected for measurements: the parasternal long-axis ( fig. 1 ), apical four-chamber ( fig. 2 ) and apical longaxis ( fig. 3 ). Because of the need to have both opposing walls well visualized, the apical long-axis view at times consisted of a two-chamber view (left ventricle and left atrium), while at other times it contained a small portion of right ventricle and the aortic valve ( fig. 3 ). Measurements were made at end-diastole and endsystole of several LV short-axis internal dimensions. In the parasternal long-axis view, two measurements were made, one just below the tips of the mitral valve leaflets (D1) and the second one (D2) halfway between Dl and the most distal portion of the visualized left ventricle. (In this view the apical portion of the ventricle is usually not visualized.) In the apical fourchamber and long-axis views, three measurements were made, the first one about 1 cm below the tip of the mitral valve leaflet (D1), the second one (D2) half-way between mitral valve and the visualized LV apex, and the third one (D3) toward the lower portion of the LV cavity at approximately the same distance from D2 as D2 was from D1 (figs. 2 and 3). All dimensions were measured from the endocardial markings of opposing walls perpendicular to an imaginary long axis bisecting the LV cavity from mitral valve to apex. End-diastole was determined as the largest cavity silhouette, which, on frame-by-frame inspection of the video playback, occurred usually at the time of mitral valve coaptation; end-systole was determined as the smallest cavity silhouette, which usually occurred one or two frames before mitral valve opening.
All measurements were made directly on the video screen using a pair of calipers and without making drawings of the LV cavity silhouette. This allowed one to make frequent measurements in several cardiac cycles and to recheck them by moving back and forth from end-diastole to end-systole, thereby obtaining a better appreciation of endocardial markings. The en- 
Conventionally, the LV minor axis is determined angiographically by planimetry of the area (A) of the LV cavity as D = 4 A/irL.i This is done to enhance the accuracy of the measurements, particularly in the presence of LV dyssynergy. In the present study, the LV minor axis was derived by averaging all of the upper, middle and lower LV dimensions obtained from the multiple tomographic views. In doing this, we assumed that the fractional shortening of this averaged minor axis would be representative of the fractional shortening of the true minor axis. This assumption was tested angiographically.
In our experience, the long axis of the left ventricle cannot be consistently measured at end-diastole and end-systole with 2-D echo because of dropout of endocardial echoes at the apex, the depth required to see the entire left ventricle from apex to base frequently does not allow precise definition of endocardial wall motion at the apex, and the apical views needed to determine the length of the long axis frequently foreshorten the left ventricle. Therefore, we elected to estimate the fractional shortening of the long axis (%AL) from a subjective assessment of apical wall motion using the apical views at short scan depths (5 or 7 cm) to better visualize the motion of the apex. In doing this, we assumed that shortening of the long axis is primarily dependent on contraction of the apex and elected to ignore any contribution arising from downward motion of the base. Based on previous reports of normal values for fractional shortening of the long axis,5' 6 we assigned a value of 15% for %zAL when normal apical contraction was present. Following the reasoning that depressed apical motion should reduce the shortening of the long axis, the following values for %AL were empirically assigned when abnormal apical wall motion was observed (wall motion classified as the more abnormal of the two apical views): +5% when apex appeared hypokinetic; 0 when apex appeared akinetic; -5% when apex appeared slightly dyskinetic; and -10% when apex appeared frankly dyskinetic. Figure 4 illustrates the measurement and calculation of EF in a patient with abnormal LV function.
The interobserver variability of the method was assessed in 30 of 55 studies by two investigators who interpreted the same study and measured the EF independent of each other. Intraobserver variability was evaluated by one of the investigators repeating the measurements in 20 of 55 studies selected at random at least 1 month after his first interpretation and without knowledge of his first measurements. To assess the reproducibility of the method, 15 additional patients (four normal, nine with coronary artery disease and LV dyssynergy and two with cardiomyopathy) were studied in two consecutive mornings. All 30 tapes were coded and given randomly to an investigator to interpret and measure the EF.
A conventional M-mode echocardiogram was obtained in each patient and when technically suitable, shortening fraction was calculated using standard techniques.7
Radionuclide Measurement of EF Gated cardiac blood pool imaging was selected as the principal standard in this study because of its established accuracy compared with angiographic techniques,'-" and because of its relative independence from geometric assumptions. The studies were performed in all 55 patients with 5 mg of i.v. stannous pyrophosphate, followed 10-15 minutes later by 20-35 mCi of i.v. technetium pertechnetate for in vivo labeling of red blood cells. Cardiac imaging was performed 5-10 minutes later in a 450 left anterior oblique view with a 15°caudal tilt using a small field of view Ohio Nuclear camera with a dedicated com-puter. Acquisition generally took 6-10 minutes and yielded counts greater than 300,000 per frame. EF was measured as (end-diastolic counts) -(end-systolic counts) X 100 (end-diastolic counts)
Angiographic Measurement of EF Single-plane LV angiograms were obtained in 35 of 55 patients in the 30°right anterior oblique projection with the injection of 40-50 ml of Renografin 76 at a flow rate of 10-15 ml/sec. The LV silhouette was traced at end-diastole (largest cavity size) and at endsystole (smallest cavity size) and EF was measured by the single-plane modification of the area-length method.4 Only beats in sinus rhythm not preceded by a premature contraction were used for analysis. In addition, a subjective assessment of wall motion at the apex (normal, hypokinetic, akinetic or dyskinetic) was made.
The LV angiograms from 20 of 35 patients (five normal subjects and 15 with LV dyssynergy) were used to test the assumption that the average of the upper, middle and lower LV minor axis dimensions at end-diastole and end-systole provided a measurement of the fractional shortening of the minor axis. The long axis of the ventricle was quadrisected by three equidistant short axes drawn perpendicular to the long axis. The average of these minor axes at end-diastole and end-systole was compared to the respective minor End Systole 747 VOL 64, No 4, OCTOBER 1981 axis determined by planimetry (minor axis = [LV area X 4]/[ir X L]).
Statistical Analysis
Statistical correlation between methods were made using linear regression analysis. Chi-square analysis was used to compare the subjective assessment of wall motion at the apex by 2-D echo vs angiography.
Results
The echocardiographic data and gated EFs are listed in table 1. All 55 patients had at least one of the three required views of sufficient quality for measurements. All three views were available in 32 of 55 patients (58%). In 22 patients, EF was determined from two views: the parasternal long-axis and apical four-chamber in 13, apical four-chamber and apical long-axis in nine. In patient 55, EF was determined from only one view. Parasternal long-axis views of technical quality were thus obtained in 46 patients (84%), apical four-chamber views in 54 (98%) and apical long-axis views in 41 (75%). Table 2 lists the correlation coefficients and equations for the linear regression analysis. An excellent correlation was observed between EF by 2-D echo and EF by gated cardiac blood pool imaging (r = 0.927, SEE = 6.7%) as well as between 2-D echo and angiographic EF (r = 0.914, SEE = 7.4%) ( fig. 5 ).
In addition to the high correlation coefficients, 2-D echo distinguished patients with gated and/or angiographic EFs above and below 50% as well as above and below 30% ( fig. 5 ). A high correlation (r = 0.906, SEE = 7.6%) was also observed between the fractional shortening of the square of the averaged minor axis by 2-D echo (%WD, mean 43 ± 14.6%) vs radionuclide EF (mean 43 ± 17.8%).
The effect of the number of views available on the accuracy of the EF measurements is shown in table 2. Although the correlation between 2-D echo and the radionuclide technique was best (r = 0.931, SEE = 6.3%) when all three views were available, a high correlation coefficient (0.895, SEE = 8.0%) was observed when only two views were used, regardless of the combination (parasternal long-axis and apical four-chamber: r = 0.874, SEE -8.2%; apical fourchamber and apical long axis: r = 0.944, SEE = 6.6%).
Comparison of the assessment of wall motion at the apex by 2-D echo vs angiography in 34 of 55 patients is shown in table 3. Abnormal apical wall motion was seen angiographically in 20 of 34 patients (59%). Complete agreement between the two techniques as to the type of wall motion was observed in 28 of 34 (82%). However, agreement in terms of normal vs abnormal motion (partial agreement) was observed in all 34 patients. Thus, 2-D echo was 100% sensitive and specific in detecting abnormal wall motion at the apex. The incidence of abnormal apical wall motion in the entire patient population was 60% (33 of 55).
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Measurements of shortening fraction by M-mode echo were possible in 45 of 55 patients (82%). In 10 patients the M-mode studies were of suboptimal quality and did not allow standard measurements of LV dimensions. Although a significant correlation (p < 0.001) was observed between M-mode shortening fraction and EF by gated cardiac blood pool imaging, the correlation coefficient was only 0 In 20 angiograms, measurements of the LV minor axis by averaging dimensions from the upper, middle and lower thirds of the cavity compared well with the minor axis determined by planimetry both at enddiastole (r = 0.993) as well as at end-systole (r = 0.996) (table 2) . Likewise, an excellent correlation was observed between the fractional shortening of the averaged minor axis and the fractional shortening of the planimetered minor axis (r = 0.990), as well as between %AD2 averaged vs planimetry (r = 0.985). 1  47  41  2  55  55  3  47  42  4  42  45  5  63  58  6  41  43  7  40  43  8  46  46  9  57  53  10  63  66  11  67  64  12  34  30  13  17  12  14  27  23  15 66 67 Mean 47.5 45.9 ± SD 14.7 15.7 First study (y) vs second study (x): r = 0.977; y = 1.04x-3.68; standard error = 3.2%.
Discussion
The development of 2-D echo has raised new expectations and hopes of improving the accuracy of echocardiography in quantitating LV function. The capacity of 2-D echo to visualize the left ventricle in multiple tomographic planes vs the single "ice-pick" view of the M-mode echocardiogram should theoretically lead to improved assessment of LV function, particularly in the presence of regional dyssynergy. Although studies in animals'2-'4 or with LV casts'5' 16 have established the accuracy of 2-D echo in quantitating ventricular volumes and mass, results using similar methods in patients have been disappointing. All clinical studies have demonstrated consistent underestimation of end-diastolic and endsystolic volumes by 2-D echo compared with angiography. 18' 16, 17 Comparison of EF derived from these volumes to the angiographic or radionuclide standards have yielded satisfactory but not excellent results.2' a, 16 The principal limitations of 2-D echo in the clinical quantification of LV volumes and function appear to be related to loss of image quality by dropout of echoes from the endocardium and to foreshortening of the LV cavity in the apical views, probably because the tomographic plane of the 2-D echo does not always transect the center of the LV cavity from apex to base. A second practical limitation relates to the amount of time required to properly trace images for planimetry and the dependency of most methods on computer assistance, which limits the widespread application of the technique to clinical practice. The recognition of these limitations recently led Beeder and associates'`t o develop an indirect method for quantitating LV function in coronary artery disease by determining the percentage of normally contracting myocardium from apical views and relating this value to radionuclide EF.
In the present investigation, we evaluated a newand simplified method of quantitating LVEF. The results with this method compare extremely well with a radionuclide technique, which is independent of LV geometry, as well as with single-plane angiography, over a wide range of EFs and in the presence of regional dyssynergy. The method obviates the need for planimetry of the LV cavity or the use of complicated mathematical models. In addition, measurements of EF may be repeated on the same videotape by a second observer or by the first observer with excellent reproducibility. The same results can be reproduced on repeated examinations.
The greatest contribution of this new method, perhaps, relates to the frequency with which it can be used. The nonselectivity of the patient population is emphasized by the large number of patients (18%) in whom standard M-mode echo measurements of shortening fraction could not be made properly. In the present study, 55 of 58 patients (95%) could be measured; 54 of 55 with at least two separate views. Although results appeared to be more accurate when all three views were available, the correlation with radionuclide EF remained high when only two views were used. Patient 55, in whom only the parasternal view was obtainable (table 1), had mitral stenosis with a small, normal left ventricle, much of which could be visualized with the parasternal view. In general, a single parasternal view should not be expected to provide accurate results in the presence of regional dyssynergy.
The rationale for the method described in this investigation is as follows: First, the appreciation of endocardial motion is frequently better when the images are in motion than on standstill. By combining visual inspection of the images in motion with a selected still frame, a trained observer can follow the inner motion of the endocardial surfaces, and thus, measure an internal LV minor axis dimension. This may be accomplished more easily than outlining the entire endocardial surface of the cavity.
Second, LVEF is primarily dependent on the fractional shortening of the square of the minor axis. The contribution of long-axis shortening to EF is only 3-7% (equation 2), and thus explains the excellent correlation observed in this study between %ID2 and radionuclide EF despite the frequent occurrence of apical dyssynergy. Also in support of this concept is the well-established accuracy of M-mode echocardiography in deriving EF from the fractional shortening of the LV dimension in the absence of regional dyssynergy.7, [19] [20] [21] Third, small errors or differences in absolute measurements of the LV dimensions at end-diastole and end-systole may cancel each other and result in only minor differences in fractional shortening. Analysis of 751 the measurements made by the two independent observers supports this concept; although some discrepancy (and, thus, lower correlation) was seen between the two observers' measurement of enddiastolic and end-systolic dimensions, an excellent correlation was found between the measurement of %AD2 and EF by the two observers.
Fourth, the present method assumes that the fractional change from end-diastole to end-systole of an average of the minor axes at the upper, middle and lower thirds of the LV cavity is representative of the fractional change of the true minor axis measured by planimetry. This is especially important in the presence of regional dyssynergy, particularly at the apex (a single measurement of the LV minor axis at midcavity is sufficient in the presence of normal or diffusely abnormal wall motion, as indicated by previous work with M-mode and angiographic studies7 ' 22, 28) . We tested this assumption in 20 singleplane LV angiograms that showed various degrees of dyssynergy and found an excellent correlation between the fractional shortening (as well as the absolute measurements) of the planimetered minor axis and fractional shortening of the averaged minor axis. Thus, averaging multiple minor axes appears to be a reasonable substitute for planimetry of LV area to determine of the true minor axis.
Finally, our method assumes that fractional shortening of the long axis results primarily from contraction of the apex and that this index may be estimated from visual assessment of apical wall motion. Comparison with angiography revealed that 2-D echo was 100% sensitive and specific in detecting normal vs abnormal wall motion at the apex; differences between the two techniques related only to the degree of abnormality. In addition, a 94% agreement was found between two observers' classification of apical wall motion. The normal value selected for long-axis shortening based on apical wall motion (15%), was derived from review of previous reports on normal fractional shortening of the long axis.6' 6 Given the concept that apical contraction represents the major source of long-axis shortening, the logical step that followed was to assign empirically a modest value of 5% to long-axis shortening in the presence of apical hypokinesis, a value of 0 in the presence of akinesis and a small negative value (implying systolic lengthening) in the presence of dyskinesis.
The overall contribution of long-axis shortening to EF is small (3-7%) and, therefore, potential errors in estimating its true value from apical wall motion will generally lead to minor errors in measuring EF. In fact, ignoring this factor altogether by using %ADD2 alone resulted in only a small fall in the correlation coefficient between echo and gated EF (0.927 to 0.906). This should not imply that this factor may be neglected without losing some accuracy. The long-axis shortening derived from apical wall motion brought the EF measurement by 2-D echo closer to the radionuclide EF in 34 of 55 patients, while in only four (patients 6, 13, 18 and 43) did it produce a discrepancy between echo and gated wall motion of meaningful clinical significance (table 1) . The example in figure 4 of patient 7 (table 1) with frank dyskinesis is illustrative of the contribution of the apical component to the measurement of EF. The fractional shortening of the square of the averaged minor axis was 23%. Applying a factor of -10% for long-axis shortening resulted in a calculated EF of 15%. EF by gated cardiac blood pool imaging in this patient was 16%.
In summary, the present method of quantitating EF provides results equivalent to those obtained by radionuclide or angiographic techniques with excellent reproducibility. The technique is applicable to a large, nonselected clinical population of patients with coronary artery disease. However, the method is directed at measuring relative changes and does not attempt to quantitate absolute ventricular volumes.
Accuracy of an Ultrasound Doppler Servo Method
for Noninvasive Determination of Instantaneous and Mean Arterial Blood Pressure RUNE AASLID, PH.D., AND ALF 0. BRUBAKK, M.D.
SUMMARY A new noninvasive method for determining arterial blood pressure is presented. Using a fast servo system, the pressure in the arm cuff is controlled so that the flow is maintained at a low value. Transcutaneous ultrasound Doppler techniques are used to detect flow to the artery. Comparison with invasive pressure measurements demonstrated that the servo method reproduced beat-tobeat variations in arterial blood pressure faithfully. Mean arterial blood pressure was determined from the noninvasive recordings using the same mathematically valid procedure as was used for the invasive recordings. The deviation between the invasive and the noninvasive determinations of this measurement was -0.6 ± 2.2 mm Hg (mean i SD) in 23 subjects. ACCURATE DETERMINATION of arterial blood pressure is frequently necessary for patient monitoring. It is also the basis for rational antihypertensive therapy. A noninvasive method is usually preferred because it is more convenient and avoids the risks associated with arterial puncture. Traditional indirect methods use a slow deflation rate of the cuff, 2-4 mm Hg per beat or per second. Therefore, information on the blood pressure is obtained only intermittently. In principle, it is possible to control the cuff pressure so that it is tracking the pressure inside the artery continuously. Then, the transmural pressure over the arterial wall will be zero or very low throughout the pulse wave. Thus, the arterial wall will be maintained in an unloaded state, suspended between two nearly equal pressures. From Marey' proposed that this could be achieved by maintaining a constant vascular volume in the limb. However, servo techniques were not developed in the nineteenth century, so he had to unload the arterial walls by enclosing the forearm in a stiff chamber filled with water. This method was not practical for clinical use. In recent years, Penaz et al.2 3 used the constant vascular volume principle to record the instantaneous blood pressure in the finger. The pressure in the finger cuff was under servo control to maintain a constant blood volume as detected by a photoplethysmograph under the cuff. However, it may be difficult or impossible to use this approach when the cuff is on the upper arm.
Methods
We investigated another method for recording the instantaneous arterial blood pressure: control cuff pressure so that flow in the artery is restricted at all instants. If the flow is restricted, the artery must be partially constricted under the cuff. When unaffected by calcification, the wall of the artery is flexible. This 753
